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Abstract 



In a supersymmetric axion model where the scale for both supersymmetry break- 
ing and Peccei-Quinn symmetry breaking is around 10 11 GeV, we find that there is 
a reasonable parameter space for a strongly first order phase transition at the scale. 



!• Introduction 

o . 

', The existence of phase transition associated with spontaneous symmetry breaking may 
Ph! appear during the evolution of the universe. Such a phase transition may influence to the 
o { '_ large-scale structure of the universe [1]. Both the order of the phase transition and its 
strength are basic ingredients for a quantitative discussion of the transition at some energy 
scale. In general, a symmetry-breaking phase transition can be first or second order one. 
In a first order phase transition, there is a potential barrier between the symmetric phase 
state and the broken phase state at the critical temperature. As spontaneous symmetry 
is restored at a high temperature, the relevant particle becomes massless. 

Recently, Barger and his colleagues have studied axion models with high-scale super- 
symmetry (SUSY) breaking [2]. An axion associated with spontaneously broken Peccei- 
Quinn (PQ) symmetry gives a natural solution to the strong CP problem [3]. The scale 
of decay constant of the Weinberg- Wilczek axion [4] is assumed to be the electroweak 
scale, which has been excluded by negative result of experimental searches. On the other 
hand, in the invisible axion models such as the Kim-Shifman-Vainshtein-Zakharov (KSVZ) 
model [5] or the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model [6], the scale of decay 
constant of the invisible axion is assumed to be very high and thus the invisible axion may 
exist within experimental constraints. Both the mass and the coupling strength of the 
invisible axion are very small since they are inversely proportional to the decay constant. 

In the supersymmetric KSVZ axion model studied in Ref . [2] , the intermediate scale of 
supersymmetry breaking (~ 10 11 GeV) is directly related to the PQ symmetry breaking 
scale. The Higgs sector of this model consists of two Higgs doublets and one complex 
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Higgs singlet. At very high energy scale, there are one heavy scalar Higgs boson, two 
pairs of SM vector-like particles in this model. The mass of the heavy scalar Higgs boson 
of the supersymmetric KSVZ axion model is about 10 11 GeV, the SUSY breaking scale. 
At the electroweak scale, the supersymmetric KSVZ axion model has one light scalar 
Higgs boson. The range of the light scalar Higgs boson mass is 130 to 160 GeV, after 
the squark, sleptons, gauginos, and higgsinos are decoupled at the SUSY breaking scale. 
Also, in this model there are supersymmetric particles, as well as the SM fermions the 
SM gauge bosons, and two pairs of SM vector-like particles. 

In this paper, we study the possibility of phase transition at the SUSY or PQ sym- 
metry breaking scale in the supersymmetric KSVZ axion model. We find that there is a 
reasonable parameter space for a strongly first order phase transition at the energy scale 
of the SUSY or PQ symmetry breaking in the KSVZ axion model. 

II. The supersymmetric KSVZ model 

We first describe briefly the supersymmetric KSVZ model, following the notations of 
Ref. [2]. The left-handed quark doublets, the right-handed up-type quarks, the right- 
handed down-type quarks, the left-handed lepton doublets, and the right-handed leptons 
are denoted as Qi, Df, Li, and Ef, respectively, where % is the family index. The two 
Higgs doublets and one complex Higgs singlet are denoted as H u , Ha, and S, respectively. 
In addition, in the supersymmetric KSVZ model, there are two pairs of SM vector-like 
particles (Qx,Qx) and (Dx,D x )- We would not consider the lowest higher-dimensional 
operator in the superpotential, which is suppressed at the Planck scale. 
The superpotential of the supersymmetric KSVZ model is given by 

W = y^HudJZQj - i^U.kD-Qj - y^H d eE c l L ] + y Qx SQ x Qx + y Dx SD x D x , (1) 

where yfj, yfj, yfj, Vq x , and yo x are the Yukawa couplings for the relevant particles, and 
e = ia 2 , where a 2 is the second Pauli matrix. From the two Higgs doublets, two neutral 
scalar Higgs bosons emerge. One of them becomes the SM-like scalar Higgs boson, which 
is fine-tuned to have a small mass in the range between 130 and 160 GeV, whereas the 
mass of the other one is comparable to the SUSY breaking scale (10 11 GeV). 

In the supersymmetric KSVZ axion model, the SUSY and the PQ symmetry are broken 
at an intermediate energy scale of about 10 11 GeV. We concentrate on the relevant effective 
potential for S at this energy scale. We denote the soft SUSY breaking masses as fh,Q x 
for both Q x and Q x , and as fh Dx for both D x and D x . We assume that yQ x = yc x and 
ffiQ x = rfi£) x . At zero temperature, the one- loop radiative corrections associated with 5* 
come from the SM vector-like particles. Thus, the one-loop effective potential is given by 
[7, 8] 

Vl(s , o) = f d ee {. og (i + $*L) - ^ (i + %*) } , (2, 

where C + is a constant coming from a product of color, charge, and spin factors and the 
relevant particle number, and fhs is the soft SUSY breaking mass for S. Note that both 
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the vacuum expectation value (VEV) of the Higgs singlet and the soft SUSY breaking mass 
are about 10 11 GeV. Neglecting terms that vanish as A — > oo, we obtain the approximate 
formula for the one-loop effective potential as 



W,o) = -m!a>-££k£iog< s 5 :t fl" 
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^ x ^(21og(V) + l), (3) 



where the soft SUSY breaking mass mj can be eliminated by the minimization of the 
potential. At the one-loop level, the the soft SUSY breaking mass is expressed as 



where the VEV of the Higgs singlet have f a = 10 11 GeV. 

Now, the finite temperature contribution to the one-loop potential is given by [9] 

> 

C T 4 .oo 



Vi(ST) = -^/ o cix x 2 log [l + exp (-y'x 2 + ^ 2 /T 2 

/^f poo 

+ -^5- ^ dx x 2 log [l - exp (-y/x* + (fh 2 Qx +y 2 Qx S*)/T*)] , (5) 



where the temperature is about 10 11 GeV since the energy scale of both the VEV of S and 
ffiQ x is around 10 11 GeV. The SUSY breaking scale should be larger than 10 11 GeV in 
order to obtain a reasonable value of the quartic coupling [2]. Note that both V±(S, 0) and 
Vi(S,T) vanish as the soft SUSY breaking mass goes to zero. The full one- loop effective 
potential at finite temperature can be expressed as V(S,T) = Vi(S,0) + Vi(S,T). 

We calculate the behavior of the full one-loop effective potential at finite temperature 
V(S,T) as a function of S/f a , for yq x = 0.8 and rhq x = 5/ , where Xs = 0.17, for 
three different temperatures. Our result is shown in Fig. 1. One can see that, for high 
temperature, namely, T > T c , the potential is symmetric with one true vacuum. On 
the other hand, for low temperature, namely, T < T c , the symmetry of the potential is 
spontaneously broken where the true vacuum occurs not at S/f a = but at somewhere 
with nonzero S/f a . In between, there is the critical temperature, T = T c , where the 
temperature-dependent effective potential has two degenerate vacua. Our calculation 
yields T c = 0.4983/ a . The nonzero value of S for the two degenerate vacua at the critical 
temperature is S c = 0.8/ a . This in turn yields S c /T c w 1.6. The criteria of a strongly first 
order phase transition is given by v c /T c > 1, where v c is the nonzero value of the scalar 
field for the two degenerate vacua. In our case, S c has the meaning of v c . Thus, Fig. 1 
tells us that there can be a strongly first order phase transition in the supersymmetric 
KSVZ model, for the parameter values we set. 

Now, we calculate S c /T c by varying the soft SUSY breaking mass fh,Q x ■ The result is 
displayed in Table I, for yq x = 0.8. Table I shows that as mQ x increases strength of the 
phase transition gets weaker until S c /T c decreases down below 1.0 such that the phase 
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V(S,T) /f a 4 




Fig. 1: The behavior of the one- loop effective potential at finite temperature as a function 
of S/ f a , for uq x = 0.8 and rfiQ x = 5f a for three typical temperatures, T < T c , T = T c , and 
T > T c . As the temperature increases, the spontaneous symmetry breaking disappears, 
and vice versa. At the critical temperature, T c = 0.4983/ a , the temperature-dependent 
one-loop effective potential exhibit two degenerate vacua. 



transition becomes weakly first order for vrtq x > 20 f a . The quartic coupling for the Higgs 
singlet S is given approximately by 

where f a is the VEV of S. For uq x = 0.8 and rfiQ x = 5f a , the quartic coupling As is 0.17. 
We note that a reasonable value for As cannot be obtained if fhq x < 0.1f a . We also note 
that the strength of the phase transition is enhanced by the temperature-dependent one- 
loop effective potential through the contributions from the neutral Higgs boson associated 
with the Higgs singlet. 



Table I: Strength of the first order phase transition for SUSY breaking scale 0.01 < 
ttT'Qx/ fa < 20 for i)q x = 0.8. If S c /T c > 1, the phase transition is regarded as strongly 
first order. 
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1.4 


13.8 


0.01 
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1.4 
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III. Conclusions 



We examine for the possibility of strongly first order phase transition in the supersym- 
metric KSVZ model proposed by Barger and colleagues, where a complex Higgs singlet 
and two pairs of SM vector-like particles are introduced at a high scale associated with 
the SUSY and PQ symmetry breakings. We find that there is a parameter space in the 
model where a strongly first order phase transition is possible at the SUSY breaking scale 
of the model, 10 11 GeV. 
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